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L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. on the two binders to study their reactivity with the fuel and their structural modifications as cycles proceed. Results reveal that binders are not inert in reducing atmosphere; they both react with the fuel to produce CO 2 . The total reduction capacity (TRC) of the first binder (B1, synthetized by pyrolytic pulverization) increases during the first cycles and levels off after 20 cycles. However, the TRC of the second binder (B2, synthetized by calcination of a mixture 5 of Ni(OH) and γ-Al 2 O 3 ), increases progressively and reaches a maximum after 80 cycles. The growing amount of available oxygen in the binders leads both binders to structural modifications. X-Ray Diffraction studies performed on fresh and aged binders presented a shift of the peaks related to NiAl 2 O 4 . Moreover, quantitative X-Ray Diffraction studies and Temperature Programmed Reduction measurements were performed in order to quantify the 10 NiO present in each binder before and after oxidation-reduction cycles. These experiments revealed the presence of NiO in fresh binders due to the preparation method, and an increase of this amount after oxidation-reduction cycles. Therefore, NiAl 2 O 4 in the binder is progressively decomposed producing NiO and Al 2 O 3 . Finally, the decomposition of the binder NiAl 2 O 4 as cycles proceed was also observed in studies performed on the oxygen carrier 15 Introduction
To limit the increase of greenhouse gas emissions and stabilize climate at safe levels, CO 2 capture and sequestration technologies are nowadays being studied and developed [1] . Among these, Chemical Looping Combustion (CLC) has been suggested as an interesting alternative to conventional combustion to produce energy with inherent CO 2 capture [2] [3] . CLC consists 25 of an indirect combustion, where the oxygen needed for fuel oxidation is provided by a solid oxygen carrier. During this process, the fuel is first oxidized by the oxygen carrier and the latter is afterwards regenerated (re-oxidized) by air [4] . The most common CLC device consists of two interconnected fluidized beds ("combustion" and "regeneration" reactors) with a circulation of the solid oxygen carrier. However Noorman et al. [5] [6] also proposed the 5 possibility of working in a packed bed reactor where the oxygen carrier remains static and the different oxidation/reduction gas mixtures are alternatively injected. Gases produced in the combustion reactor are primarily CO 2 and H 2 O. Thus, after water condensation, pure CO 2 is obtained and it can be directly stored or used. Outlet gases from the regeneration step (depleted air) can be directly emitted to the atmosphere. In conclusion, power generation by 10 CLC technology does not require an energy intensive gas separation of CO 2 from exhaust gases, which is the most expensive step of CO 2 capture and sequestration.
Finding suitable oxygen carriers with sufficient reactivity, good mechanical properties and stability is strategic to increase the efficiency of CLC processes. Oxygen carriers are generally composed of an active phase (generally a metal oxide based on Ni, Fe, Cu, Mn or Co) and a 15 porous binder (Al 2 O 3 , NiAl 2 O 4 , SiO 2 , TiO 2 , yttrium-stabilized zirconia…), which provides higher surface area for reaction, mechanical strength and attrition resistance [7] [8] . The final properties of the oxygen carrier (reactivity, mechanical strength, thermal and chemical stability…) depend mainly on the metal oxide used, but also on the binder, as well as the preparation method. Several methods have been studied in the literature and can be classified 20 in three groups: -Mixing of metal oxide and binder powders (mechanical mixing [9-10], freeze granulation [11] [12] , spray drying [13] [14] , spin flash [15] [16] …).
-Preparation by precipitation (co-precipitation [17] [18] , sol-gel [19] [20] …).
-Preparation by impregnation (wet and incipient wetness impregnation…) [21] [22] . 25 The Freeze granulation is the most common preparation method at laboratory scale. However, only spray drying, spin flash and impregnation methods can be used at large scale for industrial production.
Numerous materials based on Ni, Fe, Cu, Mn and Co oxides have been studied and tested as oxygen carriers for CLC, at different working scales (laboratory and pilot scale) [7] [8] [9] [10] ; [17] ; 5 [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Among all these candidates, NiO/NiAl 2 O 4 oxygen carrier is considered as a model oxygen carrier, due to its high reactivity and its good thermal stability. Indeed, it can work at high temperatures (900-1100°C) owing to the high melting points of NiO and metallic Ni [7] ,
[9], [17] , [23] . For these reasons Ni-based oxygen carriers are widely studied at laboratory scale, however their use should be minimized at industrial scale due to the high toxicity of this 10 metal and health/safety issues.
Among all the possible metal oxide/binder combinations, some authors studied the use of γ-Al 2 O 3 as a binder for NiO, but they observed that at high operating temperatures (> 800°C) the binder reacts with NiO to form NiAl 2 O 4 [17] , [36] , [37] . NiAl 2 O 4 is less reactive with fuel for CLC operations, although it can be partially reduced by the fuel [38] . Thus, the formation 15 of NiAl 2 O 4 reduces the amount of NiO able to deliver oxygen for combustion and so, the global performance of the oxygen carrier. To avoid the decrease of reactivity due to NiAl 2 O 4 formation, Cho et al. [39] studied adding nickel in excess to get enough free NiO inside the particle and compensate for the loss of "reactive" nickel species. They showed that the initial NiO content must be very high (around 80 wt. %) to obtain a NiO free content of 60 wt. %. 20 Gayán et al. [7] demonstrated that the formation of the spinel NiAl 2 O 4 depends on the crystalline nature of the binder. They proposed to use a thermal treatment (at 1150°C) to perform the phase transformation of γ-Al 2 Moreover, their results revealed that both phases (NiO and produced NiAl 2 O 4 ) could react with the fuel. Therefore, NiAl 2 O 4 (used as binder or produced by reaction between NiO and 10 the binder Al 2 O 3 ) cannot be considered as an inert material in CLC processes: it is an additional source of oxygen for combustion [43] . The experiments also showed that the relative amount of free NiO in the oxygen carrier (after metal oxide NiO and binder Al 2 O 3 reaction) depends on the oxygen carrier/fuel ratio (ϕ). Therefore, the production of NiAl 2 O 4 decreased when ϕ decreased. Dueso et al. [36] The stability of the nickel aluminate binder used in CLC is a very important parameter to ensure good mechanical strength of the oxygen carrier, and so, limit particles agglomeration 25 and fragmentation which could damage the CLC process. In previous work [43] , we studied the reactivity of the NiAl 2 O 4 binder by performing oxidation/reduction cycles in a fixed bed reactor with CO as fuel. The major observation was that the binder underwent a structural modification, which modified its reactivity. X-Ray Diffraction analyses showed that peaks related to NiAl 2 O 4 were enlarged and shifted to wide diffraction angles. These results were 5 explained by the gradual decomposition of NiAl 2 O 4 to produce NiO and γ-Al 2 O 3 .
The purpose of the present work is to study the influence of the preparation method on the reactivity and stability of the binder NiAl 2 O 4 and to quantify the amount of NiO produced by decomposition of the NiAl 2 O 4 spinel phase during successive reduction/oxidation experiments. 10
The reactivity of two different binders was studied in a fixed bed reactor with CO as fuel. The evolution of both binders, in terms of reactivity and structural changes, was also investigated by the measurement of the amount of produced CO 2 during successive cycles. The materials were analyzed by X-Ray Diffraction and Temperature Programmed Reduction to quantify the amount of NiO present in both materials before and after oxidation/reduction cycles. 15 Additional tests were performed to compare the evolution of nickel aluminate in the binders and in the oxygen carrier (NiO/NiAl 2 O 4 ).
Experimental section

Materials 20
Two NiAl 2 O 4 binders were studied in this work. Cabot Corp. synthetized the first one (noted as B1) by spray pyrolysis of a mixture of nickel nitrate Ni(NO 3 ) 2 and gamma alumina γ-Al 2 O 3 (spectral 100). Afterwards the mixture was calcined at 800°C and 1000°C (during 24 hours at each temperature). The material was pelletized by IFP Energies Nouvelles (Solaize, France), these pellets were ground and sieved to obtain particle sizes between 125 and 300 µm. 25 The preparation of the second binder (noted as B2) was performed by IFP Energies Nouvelles (Solaize, France). A mixture of nickel hydroxide Ni(OH) and gamma alumina γ-Al 2 O 3 was calcined at 1200°C during 24 hours. The material was pelletized, ground and sieved to 100 and 300 µm. While calcining binder B1 at 1000°C was enough to obtain nearly pure NiAl 2 O 4 , the second preparation method required an increase of the calcination temperature up to 5 1200°C for most of the nickel oxide to react with alumina and produce NiAl 2 O 4 . Despite this very high calcination temperature, some NiO was still unreacted (vide infra). Only particles in the range between 100 and 300 µm were used in this study. 15 
Experimental set-up
Several oxidation-reduction cycles were performed on all materials in a fixed bed reactor device described in previous work [44] , [45] . The binder was placed in a quartz reactor with an inner diameter of 6 mm. The mass introduced (around 0.2 g) was estimated to have a bed 20 height of around 5 mm. The reactor was heated by a tubular furnace (Pekly/HerrmannMoritz), and the operating temperature was measured by two thermocouples placed above and below the material bed. The fuel used in this study was carbon monoxide ([CO] = 0.55 vol. % in N 2 ), and the regeneration step was carried out under air. All gas flow rates were controlled and maintained constant at 50 NL h -1 by four mass flow controllers (BROOKS 5850). The 25 gases concentrations (CO and CO 2 ) at the outlet of the reactor were continuously measured by an infrared analyzer NG2000 (CO and CO 2 concentration in the range 0-1 vol. %).
Experimental methodology
Oxidation / reduction cycling experiments started with an oxidation step, carried out under air 5 from ambient temperature to the operating temperature (heating rate of 10°C min -1 ). When operating temperature was reached, an inerting step was performed under pure N 2 to avoid contact between fuel and air. Afterwards, a mixture of CO/N 2 was injected in the reactor (reduction step) at the operating temperature. The reaction was finished when the CO concentration at the reactor's outlet was the same as the inlet concentration. The material was 10 finally cooled down to ambient temperature under inert atmosphere and a new oxidation step could be started (new cycle). Surface area analysis by krypton adsorption were performed on aged samples (after several oxidation-reduction cycles) using a Micromeritics ASAP 2420 apparatus.
Sample characterization
Results
Evolution of the Total Reduction Capacity (TRC) of binders B1 and B2 as cycles proceed
Two binders stability and reactivity were studied under the same operating conditions: 0.2 g of material (B1 or B2), 900°C, 0.55 vol. % of CO as fuel in N 2 , gas flow rate fixed at 50 NL h -1 . The Total Reduction Capacity (TRC) was the parameter chosen to study the evolution of 5 the materials reactivity. TRC corresponds to the number of CO 2 moles produced per gram of material, and it is calculated by the integration of the CO 2 breakthrough curves obtained during the reduction step. Oxidation-reduction cycles were performed with both binders (B1 and B2) until the TRC stabilisation. The results obtained with each binder are represented in figure 1 for the CO 2 concentration curves and in table 1 for the TRC values. 10
The CO 2 curves obtained on both binders clearly indicate a notable activity of the materials in the oxidation of CO. This activity could partially be explained by the presence of residual NiO in the materials due to the preparation method. However, the amount of CO 2 produced clearly increases as cycles proceed for binders B1 and B2, indicating an evolution of the oxidizing ability of the two binders. Indeed, this TRC increase (table 1) cannot solely be 15 explained by the presence of residual NiO.
As it is observed in table 1, TRC of B1 increases during the first cycles and tends to level off (after 20 cycles), whereas for B2, TRC increases progressively and converges slowly to the maximal TRC (after 80 cycles). If we consider that only ¼ of the oxygen in NiAl 2 O 4 is available to oxidize CO (we consider that the oxygen of alumina is not available at all), 75% 20 of this oxygen reacts in B1 during the 20 th cycle, and 43% for B2 during the 80 th cycle.
During the first reduction cycle, the amount of available oxygen which reacts is equal to 56%
and 10% for B1 and B2 respectively. In conclusion, at 900°C, a non-negligible amount of oxygen is available in both binders, which does not only come from residual NiO in the fresh materials. The growing amount of available oxygen in the binders as cycles proceed shows 25 structural modifications of the two binders that depend on the preparation method. Indeed, reactivity and stability of B1 and B2 during oxidation-reduction cycles are not the same. B1 reacts more rapidly than B2 and generates more available oxygen.
Binder characterization by X-Ray Diffraction investigation 5
Both binders were characterized by X-Ray Diffraction (XRD) to understand the evolution of their structures. XRD analyses were performed on the fresh and the aged binders (after successive cycles). On the fresh binders, two different crystalline phases with cubic structure As it was observed in previous studies [43] , XRD analyses reveal a shift and an enlargement of the peaks related to NiAl 2 O 4 for both aged binders, while NiO peaks remain at the same diffraction angles. These observed shifts reveal a structural modification of both binders as cycles proceed. It seems that the peaks of NiAl 2 O 4 shift towards γ-Al 2 O 3 angles (cubic phase Fd-3m). This observation could be explained by the progressive decomposition of NiAl 2 O 4 to form NiO and γ-Al 2 O 3 . Moreover, for the aged binder B2, a diffraction peak (2θ = 66.6°) appears corresponding to γ-Al 2 O 3 .This hypothesis seems to be confirmed by the evolution of TRC during experiments, which increases for both binders. Indeed, NiO produced at high temperature is probably the compound which reacts with CO and which progressively 5 increases TRC.
Quantitative estimation of NiO content in the binders
Quantification by X-Ray Diffraction analyses: Standard Addition Method
To estimate the NiO content present in each binder, quantitative XRD analyses were higher than 0.999 (figure 4). Table 2 shows the NiO mass fraction of the four samples (fresh and aged B1 and B2) estimated by using the Standard Addition Method 15
The results presented in table 2 confirm the observations obtained from TRC measurements.
The initial NiO contents in the fresh binders are not equal: B1 contains more residual NiO than B2, which can explain the higher value of TRC obtained during the first cycle (3.17 moles CO 2 /mg for B1 against 0.59 moles CO 2 /mg for B2). The NiO content of the two binders increases as cycles proceed and can be explained by a decomposition of nickel 20 aluminate to form NiO and probably alumina. These results show that nickel aluminate is reacting with the fuel from the first cycle (0.75 and 0.23 moles of NiO per milligram of B1 and B2 respectively).
NiO content estimation by Temperature Programmed Reduction measurements
To Moreover, during the reduction step, the reduction of nickel oxide (to produce metallic Ni) leads to a decrease of the reaction quotient and so, to the decomposition of nickel aluminate.
In these operating conditions, the reaction is slow (in terms of kinetics), because 20 and 80 10 successive cycles are necessary to reach the equilibrium for binder B1 and B2 respectively.
Binder evolution in the oxygen carrier NiO/NiAl 2 O 4
To check if results obtained with the binder (NiAl 2 O 4 ) could be extrapolated to the oxygen carrier (NiO/NiAl 2 O 4 ), a long reduction cycle (8 hours) at 900°C was performed with the 15 oxygen carrier. The aim is to sufficiently reduce the oxygen carrier to observe NiAl 2 O 4 reduction, despite the high content of NiO present in the material (60 wt. % of NiO). After reduction, the obtained material was oxidized and analyzed by XRD. Figure 6 shows the XRD pattern (enlargement between 57 and 69°) of the fresh and the reduced NiO/NiAl 2 O 4 .
The figure reveals (as with the binder alone) that peaks relative to NiO are at the same 20 diffraction angles before and after oxidation reduction cycles, whereas peaks related to NiAl 2 O 4 are enlarged and shifted to wider diffraction angles. As it was previously deduced for the binder, this shift shows a decomposition of NiAl 2 O 4 to form NiO and Al 2 O 3 . These results demonstrate that the binder in the oxygen carrier NiO/NiAl 2 O 4 can also react with the fuel during the reduction phase, producing additional NiO. The major role of the binder is to ensure the stability of the oxygen carrier and good mechanical properties. However the binder reactivity with the fuel modifies the oxygen carrier performance.
Conclusion 5
Oxidation-reduction cycles performed on both binders showed that they cannot be considered as inert materials, because they react with the fuel. The evolution of the Total Reduction Capacity revealed that the reactivity of the two binders is different, and it depends on their synthesis method. The first binder (B1) has a higher initial content of NiO (5. proceed, was also observed on the oxygen carrier (NiO/NiAl 2 O 4 ). This study revealed the influence of the preparation method on the binder final reactivity.
